Crumbs2 promotes cell ingression during the epithelial-to-mesenchymal transition at gastrulation by Ramkumar, N et al.
 1
 1 
 2 
Crumbs2 Promotes Cell Ingression During the Epithelial-to-Mesenchymal 3 
Transition at Gastrulation 4 
 5 
 6 
 7 
Nitya Ramkumar1,2, Tatiana Omelchenko3, Nancy F. Silva-Gagliardi4, C. Jane McGlade4, Jan 8 
Wijnholds5 and Kathryn V. Anderson1 9 
 10 
 11 
1. Developmental Biology Program, Sloan Kettering Institute, Memorial Sloan Kettering Cancer 12 
Center, 1275 York Avenue, New York, New York 10065, USA  13 
2. Program in Biochemistry and Structural Biology, Cell and Developmental Biology, and 14 
Molecular Biology, Weill Cornell Graduate School of Medical Sciences, Cornell University, 1300 15 
York Avenue, New York, New York 10065, USA  16 
3. Cell Biology Program, Sloan Kettering Institute, Memorial Sloan Kettering Cancer Center, 17 
1275 York Avenue, New York, New York 10065, USA  18 
4. The Hospital for Sick Children, Arthur and Sonia Labatt Brain Tumor Research Center and 19 
Department of Medical Biophysics, University of Toronto, Toronto, Ontario M5G 1X8, Canada 20 
5. Department of Ophthalmology, Leiden University Medical Center, 2333 ZA Leiden, The 21 
Netherlands 22 
 23 
Correspondence should be addressed to KVA, k-anderson@ski.mskcc.org24 
 
 
2
Abstract 25 
During gastrulation of the mouse embryo, individual cells ingress in an apparently stochastic 26 
pattern during the epithelial-to-mesenchymal transition (EMT). Here we define a critical role of 27 
the apical protein Crumbs2 (CRB2) in the gastrulation EMT. Static and live imaging show that 28 
ingressing cells in Crumbs2 mutant embryos become trapped at the primitive streak, where they 29 
continue to express the epiblast transcription factor SOX2 and retain thin E-cadherin-containing 30 
connections to the epiblast surface that trap them at the streak. CRB2 is distributed in a 31 
complex anisotropic pattern on apical cell edges, and the level of CRB2 on a cell edge is 32 
inversely correlated with the level of Myosin IIB. The data suggest that the distributions of CRB2 33 
and Myosin IIB define which cells will ingress and we propose that cells with high apical CRB2 34 
are basally extruded from the epiblast by neighboring cells with high levels of apical myosin.  35 
 36 
  37 
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An epithelial to mesenchymal transition (EMT) during gastrulation establishes the three layers of 38 
the animal body plan (ectoderm, mesoderm and endoderm) through a defined sequence of 39 
morphological transformations1,2,3,4. Defects in the gastrulation EMT and in subsequent 40 
mesoderm migration are a significant cause of human birth defects5. EMTs are also required for 41 
formation of many organs and are associated with tumor progression6,7.  42 
 43 
Gastrulation of amniotes (e.g. birds and mammals) requires a sequence of coordinated cellular 44 
events. The gastrulation EMT begins with the breakdown of the basement membrane 45 
underlying the epithelial epiblast at a single position, the primitive streak, which marks the future 46 
posterior pole of the body plan. Basement membrane breakdown is rapidly followed by apical 47 
constriction and a basal shift of the nucleus of an ingressing epiblast cell, followed by dissolution 48 
of apical tight and adherens junctions, and, finally, acquisition of a migratory program in cells of 49 
the nascent mesoderm and definitive endoderm. This EMT is triggered by a convergence of 50 
secreted signals (Wnt, Nodal, FGF, BMP)8 and is coupled to changes in transcription factor 51 
expression, including loss of expression of the pluripotency-associated factor SOX2 and 52 
upregulation of the mesenchymal factor SNAIL19.  53 
 54 
The amniote primitive streak is a dynamic cell population: as cells leave the primitive streak 55 
epithelium to populate the mesoderm, they are continuously replaced by cells from the adjacent 56 
epiblast epithelium. It is not known how the stable morphology of the primitive streak is 57 
maintained despite this continuous flux4. Cells at the chick or mouse primitive streak exit from 58 
the epiblast epithelium as individuals, while the adjacent cells of the epiblast retain their apical 59 
junctions3,4. Thus amniote gastrulation, like collective cell migration, requires dynamic neighbor 60 
exchanges while simultaneously maintaining the integrity of the epithelium. 61 
 62 
Here we show that mouse Crumbs2 (CRB2) promotes cell ingression during gastrulation. In 63 
contrast to the best-defined role of Drosophila Crumbs protein as a determinant of the apical 64 
domain of epithelial cells10,11, epithelial polarity is normal in the epiblast of Crumbs2 mutants, but 65 
cells of the late (>E7.5) primitive streak fail to delaminate and remain tethered to the apical 66 
surface of the epiblast epithelium by thin E-cadherin-containing connections. Thus mouse CRB2 67 
is required to remove, rather than maintain, apical junctions. We also find that CRB2 is localized 68 
in a complex anisotropic pattern in cells of the epiblast. Localized CRB2 accumulation is 69 
inversely correlated with the level of apical Myosin IIB, consistent with the hypothesis that CRB2 70 
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is an essential component of a system that directs stochastic actomyosin-dependent cell 71 
ingression during gastrulation.  72 
 73 
 74 
Results 75 
CRB2 is required for normal mesoderm production 76 
Mammals have three members of the Crumbs family. Mutations in human or mouse Crumbs1 77 
cause light-dependent retinal degeneration but do not affect viability12. Mice lacking Crumbs3 78 
survive to birth with defects in lung and intestinal epithelia13. Mouse Crumbs2 mutants initiate 79 
post-implantation development normally but arrest at mid-gestation (~E9.0) with a syndrome of 80 
morphological defects, including a deficit of mesoderm and an abnormal neural plate14,15.  Both 81 
Crumbs2 RNA and protein are expressed in the epiblast, but not the endoderm or mesoderm 82 
layers, of the E6.75 and E7.5 embryo (Supplementary Fig. 1). 83 
 84 
To test whether CRB2 overlaps in function with other Crumbs family proteins, we analyzed the 85 
phenotypes of double and triple mutant embryos. Crumbs2-/- Crumbs3-/- and Crumbs1rd8/rd8 86 
Crumbs2-/- double mutant embryos and Crumbs1rd8/rd8 Crumbs2-/- Crumbs3-/- triple mutant 87 
embryos all expressed the primitive streak marker Brachyury (T) in the normal posterior domain 88 
at E7.5, had reduced paraxial mesoderm, marked by Meox1 expression, and an abnormal 89 
neural plate at E8.5 (Fig. 1A, B), indicating that only CRB2 has a critical role in the early 90 
embryo. 91 
 92 
Although Crumbs is required for establishment of the apical domain of epithelia in the 93 
Drosophila embryo, markers of apical-basal polarity were correctly localized in the epiblast of 94 
E7.75 Crumbs2-/- mutant and the Crumbs2-/- Crumbs3-/- double mutant embryos. ZO1, a 95 
component of tight junctions, pERM, an apical membrane marker, and the Par complex proteins 96 
aPKCλ and Par3 were apically localized in wild type and mutants (Fig. 1C). γ-tubulin+ 97 
centrosomes were apical and Arl13b+ cilia extended from the apical surface of cells of the E7.5 98 
Crumbs2-/- Crumbs3-/- epiblast (Fig.1C).  99 
 100 
CRB2 promotes cell ingression  101 
The primitive streak of the mouse embryo, marked by the expression of the transcription factor 102 
Brachyury (T), is the region of the posterior epiblast where cells delaminate from the epithelium 103 
to form the mesoderm and definitive endoderm germ layers. At the early bud stage (E7.5), one 104 
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day after the initiation of gastrulation, the primitive streak regions of wild-type and Crumbs2-/- 105 
mutant embryos were similar in morphology (Fig. 1D). At this stage, cells of the wild-type 106 
epiblast epithelium expressed SOX2 and cells in the mesoderm layer expressed SNAIL1 (Fig. 107 
1E). In E7.5 Crumbs2-/- mutants, the width of the streak, as defined by the size of the break in 108 
the basement membrane, was comparable to the wild type and a thin SNAIL1+ mesoderm layer 109 
was present (Fig. 1E). 110 
 111 
Twelve hours later, at E8.0, the primitive streak of the Crumbs2-/- mutant was dramatically 112 
engorged with cells. At this stage, many layers of SOX2-positive cells had accumulated at the 113 
primitive streak (Fig. 1F). At E8.0, the region of laminin breakdown at the mutant streak was 114 
wider than in wild type and cells expressing E-cadherin had accumulated at the streak 115 
(Supplementary Fig. 2A). Indistinguishable defects were seen in Poglut1wsnp embryos (Fig. 1F), 116 
which lack CRB2 activity due to an independent genetic lesion: POGLUT1 is required for the 117 
glycosylation of extracellular EGF repeats, which is required for cell surface localization of 118 
CRB2 [ref. 15]. In contrast, mutants with blocked mesoderm migration, such as Rac1, 119 
accumulate SNAIL1-positive cells near the streak (Supplementary Fig.2B).  120 
 121 
Scanning electron micrographs (SEMs) of E7.75 wild-type embryos showed that some epiblast 122 
cells at the streak had basally-displaced nuclei and cell protrusions, suggesting that they were 123 
acquiring mesodermal characteristics (Fig. 2A, A’). In SEMs of E7.75 Crumbs2-/- mutant 124 
embryos, some nuclei in the streak region were far from the epiblast surface but the cells 125 
remained attached to the apical surface of the epiblast by thin projections (Fig. 2B, B’). Similar 126 
defects were seen in cells at the Poglut1wsnp streak (Fig. 2C, C’). 127 
 128 
To visualize the shapes of individual cells, we labeled individual cells with an X-linked GFP 129 
transgene that expresses cytoplasmic GFP in a mosaic manner as a result of random X-130 
inactivation in female embryos16. Some apically constricted cells at the wild-type primitive streak 131 
had cell bodies displaced from the apical surface of the epiblast (Fig. 2D, G). In Crumbs2-/- and 132 
Poglut1wsnp mutant embryos, cell bodies far from the apical surface remained attached to the 133 
apical surface of the epiblast (Fig. 2E, F, H). The thin cytoplasmic connections to the apical 134 
surface of delaminating Crumbs2-/- and Poglut1wsnp streak cells were E-cadherin-positive (Fig. 135 
2E, F), indicating that these cells had failed to dissolve their apical adherens junctions, a 136 
necessary step in the EMT. We infer that the SOX2+, E-cadherin+ cells that accumulated at the 137 
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mutant streak remained integrated within the epiblast epithelium, and were therefore arrested in 138 
the midst of the EMT.  139 
 140 
Live imaging defines cell ingression dynamics 141 
To compare the dynamics of cell ingression of wild-type and mutant streak cells, we labeled 142 
individual cells by mosaic activation of GFP expression using the EIIA-Cre, mT/mG system3 and 143 
followed cell behavior in E7.5 cultured embryos by live confocal imaging. In the wild-type 144 
embryo, ingressing cells were apically constricted and had basal protrusions; they displaced 145 
their cell bodies basally and exited the epithelium in less than 2 hours (30-110 min; n=5 cells) 146 
(Supplementary Videos 1-3; Fig. 3A, D). In Crumbs2-/- mutants, cells at the streak constricted 147 
their apical membrane as the cell body moved basally, but they failed to leave the epithelium in 148 
the duration of imaging (>200 minutes; n=5 cells) (Supplementary Videos 4-6; Fig. 3B, D), 149 
leading to an accumulation of bottle-shaped cells with long thin apical extensions at the streak 150 
(Fig. 3C).  151 
 152 
Autonomous and non-autonomous CRB2 activities 153 
Consistent with the epiblast-specific expression of CRB2 (Supplementary Fig. 1), deletion of a 154 
conditional Crumbs2 allele in epiblast-derived cells using the Sox2-Cre transgene17 reproduced 155 
the deficit of paraxial and axial mesoderm seen in the null mutants (Supplementary Fig. 3), 156 
which demonstrated that CRB2 is required in embryonic rather than extraembryonic lineages. 157 
The Brachyury (T)-Cre becomes active in cells of the mid-to-late streak stage primitive streak 158 
(E7.5)18. Conditional deletion of Crumbs2 with T-Cre allowed formation of somewhat more 159 
mesoderm than in Crumbs2 null mutants (Fig 4A), but recapitulated most aspects of the null 160 
phenotype: paraxial mesoderm was reduced and SOX2+ mutant cells accumulated in the late 161 
primitive streak (Fig 4B). Thus Crumbs2 is required specifically in the cells of the primitive streak 162 
for cell ingression and efficient production of mesoderm.  163 
 164 
To examine cell autonomy at high resolution, we generated chimeric embryos using Crumbs2 165 
mutant that expressed the membrane marker GPI-GFP19 (see Methods). After injection of GFP+ 166 
Crumbs2-/- ES cells into wild-type blastocysts, chimeric embryos were analyzed at E8.5 (Fig. 167 
4C). High percentage chimeras (95-100% mutant cells; n=9) recapitulated the Crumbs2-/- 168 
phenotype (Supplementary Fig. 4B). In chimeric embryos with a lower contribution of mutant 169 
cells (10-40%; n=20), the overall morphology of the embryos appeared normal (Supplementary 170 
Fig. 4A) and mutant cells were incorporated into normal-appearing epithelia (Fig. 4D, E). 171 
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Although Crumbs2-/- embryos did not form clear somites, Crumbs2 mutant cells were 172 
incorporated into somites in chimeric embryos (Fig. 4E), indicating that they had undergone 173 
both the primitive streak EMT and the mesodermal-to-epithelial transition (MET) that produces 174 
the somites.  175 
 176 
In chimeric embryos, CRB2 was not detected on most of the edges of wild-type cells adjacent to 177 
mutant cells (GFP+) at the streak (Fig. 4F-F’’) and in the neural epithelium (Supplementary Fig 178 
4C). In the same cells, actin (Fig. 4F, 4F’’’) and β-catenin (Supplementary Fig 4C) localized 179 
normally at boundaries between wild-type and mutant cells, suggesting that stability of 180 
membrane CRB2 may depend on homophilic interactions with adjacent cells, as seen in 181 
Drosophila and zebrafish20,21,22.  182 
 183 
Complex spatial distribution of CRB2 184 
CRB2 was enriched apically in the E6.75 and E7.75 epiblast (Fig. 5A, B; Supplementary Fig. 185 
1D). At the early headfold stage (E7.75), there was a posterior-to-anterior gradient of apical 186 
CRB2, with approximately 4-fold higher levels near the streak than in the anterior epiblast (Fig 187 
5B, B’). The posterior enrichment suggested that CRB2 has an instructive, rather than 188 
permissive, role in behavior of cells at the primitive streak.  189 
 190 
En face imaging of the apical surface of the epiblast showed that the surface area of epiblast 191 
cells was variable, although the tight junction protein ZO1 was expressed at similar levels on all 192 
edges of epiblast cells (Fig. 5C). In contrast, CRB2 was localized in complex anisotropic 193 
patterns (Fig. 5D). The anisotropic distribution was apparent in both the epiblast layer of the 194 
streak and in the adjacent epiblast (Supplementary Fig. 5); the highest CRB2 levels were >50-195 
fold higher than the lowest levels. The distribution of edges with high CRB2 was, in part, 196 
correlated with cell topology: nearly half of triangular cells had high CRB2 on all edges, whereas 197 
only 10-15% of cells with 5 or 6 sides had CRB2 on all edges (Supplementary Fig. 5).  198 
 199 
PATJ (INADL), a member of the Crumbs complex23 was also distributed anisotropically in the 200 
epiblast (Supplementary Fig. 6A), providing independent confirmation of the anisotropic 201 
localization of the Crumbs complex. Apical PATJ could not be detected in the primitive streak 202 
region of Crumbs2-/- or Poglut1wsnp embryos (Supplementary Fig 6B), consistent with a 203 
requirement of CRB2 for PATJ localization in the early mouse embryo.  204 
 205 
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In addition to the global anisotropic distribution of CRB2, there was strong punctate CRB2 206 
staining in the region of the primitive streak (Fig. 5D, E). Transverse sections of embryos in 207 
which individual cells expressed the X-linked GFP transgene showed that the strong CRB2 208 
puncta corresponded to the apical membranes of highly constricted primitive streak cells (Fig. 209 
5E, E’), suggesting that apically constricted cells that are poised to delaminate have high levels 210 
of apical CRB2. The basally-positioned nuclei of these apically constricted cells had low but 211 
detectable levels of SNAIL1 (Fig 5F-G’), suggesting that SNAIL1 accumulation begins at the 212 
time of apical constriction.  213 
 214 
CRB2 and Myosin IIB on opposing cell edges 215 
In Drosophila, cell edges enriched with Crumbs can direct Myosin II cable formation at other cell 216 
edges20, and Myosin II (non-muscle myosin heavy chain II-B) has an important role in amniote 217 
gastrulation24. When viewed en face, Myosin IIB was present on most apical edges of wild-type 218 
E8.0 epiblast cells, but the intensity of expression was variable. In double labeling experiments, 219 
the levels of Myosin IIB and CRB2 on cell edges were inversely correlated: cell edges with high 220 
levels of CRB2 had lower levels of Myosin IIB, whereas cell edges with thicker myosin cables 221 
tended to have low levels of CRB2 (Fig. 6A-C). The reciprocal enrichment of CRB2 and Myosin 222 
IIB was also apparent in E7.0 early bud streak regions (Supplementary Fig. 6C) and in the 223 
epiblast adjacent to the streak at E8.5 (Supplementary Fig. 6D). The overall level of apical 224 
Myosin IIB assayed by immunofluorescence was ~2-fold lower in the mutants than in wild-type 225 
embryos (Fig. 6D, E), indicating that CRB2 promotes the apical enrichment of Myosin IIB. 226 
 227 
The abnormal EMT disrupts the epiblast basement membrane  228 
In older (E8.5) Crumbs2 and Poglut1wsnp mutants, we observed that the epiblast epithelium 229 
outside of the streak was ~1.4-fold thicker than in wild-type embryos (Fig. 7A, E). Individual cells 230 
of the anterior Crumbs2 epiblast (the future neural epithelium) were taller and had smaller apical 231 
surfaces than those in wild type (Fig. 7B, D). This was not due to altered proliferation rates, as 232 
the frequency of mitotic cells was the same in the wild type and mutants (Supplementary 233 
Fig.7A); nor was it due to a breakdown in apical-basal polarity, as apical markers were localized 234 
correctly in the mutants (Supplementary Fig. 7B). Breaks in the basement membrane were 235 
detected in the mutant neural epithelium (Fig. 7A) and occasional cells expressing SOX2 were 236 
detected below the breaks in the basement membrane (Fig. 7A), demonstrating that integrity of 237 
the epiblast was compromised in the mutants at this stage.  238 
 239 
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To test whether CRB2 was required for integrity of the epiblast in older embryos because of 240 
events triggered by gastrulation, we blocked primitive streak formation genetically. Wnt3 is 241 
required for the initiation of the primitive streak, but the Wnt3 mutant epiblast continues to 242 
proliferate as an epithelium25. Crumbs2 Wnt3 double mutants were indistinguishable in 243 
morphology from Wnt3 single mutants (Fig. 7F). Sections stained for SOX2 and Laminin 244 
expression showed that the double mutant epiblast resembled that of the Wnt3 single mutants 245 
(Fig. 7G, H): the basement membrane below the epiblast appeared to be intact (Fig. 7H) and no 246 
SOX2-positive nuclei were located below the basement membrane in the double mutants (Fig. 247 
7H). We infer that the defects in epithelial organization of the Crumbs2 epiblast are secondary 248 
to the gastrulation phenotype, which suggests that that the physical disruption caused by the 249 
absence of CRB2 at the primitive streak propagates through the contiguous epiblast epithelium. 250 
 251 
 252 
DISCUSSION 253 
The data presented here define a specific role for the apical protein CRB2 in promoting cell 254 
ingression during the epithelial-to-mesenchymal transition that generates the germ layers during 255 
mouse gastrulation. A previous analysis of the mouse Crumbs2 mutant phenotype identified a 256 
defect in gastrulation14; that group inferred, based on the function of Drosophila Crumbs, that 257 
the gastrulation defect was secondary to disruption of apical-basal polarity in the epiblast. In 258 
contrast, we find that mouse embryos that lack all Crumbs proteins form an epiblast epithelium 259 
that expresses classical markers of apical-basal polarity in the correct pattern. The phenotype of 260 
the Crumbs2 null mutant is recapitulated by deleting the gene specifically in cells of the primitive 261 
streak using T-Cre, demonstrating that CRB2 is specifically required in the cells of the primitive 262 
streak to promote the EMT.  263 
 264 
Crumbs2 mutants show a striking block in cell ingression beginning at E7.5. The first steps of 265 
the EMT are successful in Crumbs2 mutants: the basement membrane breaks down, and cells 266 
at the streak undergo apical constriction accompanied by a basal shift of the cell body. 267 
However, in the absence of CRB2, apical junctions do not dissolve, even as the cell body 268 
moves further away from the apical surface, leaving a long thin E-cadherin+ cytoplasmic 269 
connection to the apical surface of the epiblast.  270 
 271 
The cells that accumulate at the streak in Crumbs2 mutants express SOX2 rather than SNAIL1, 272 
suggesting that the expression of SNAIL1 depends on completion of the CRB2-dependent step 273 
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in cell ingression. As SNAIL1 represses expression of both SOX2 and E-cadherin during the 274 
EMT 9,26,27, the absence of SNAIL1 could also account for the failure to down-regulate E-275 
cadherin in Crumbs2 mutants. However, mouse embryos that lack SNAIL1 protein do make a 276 
mesoderm layer27, indicating the failure to upregulate SNAIL1 is not sufficient to block cell 277 
ingression. We therefore infer that CRB2 has an additional role during the EMT. 278 
 279 
CRB2 is localized in a striking anisotropic pattern in the apical epiblast. The accumulation of 280 
unequal levels of CRB2 on different cell edges is reminiscent of the distribution of planar cell 281 
polarity proteins, but there is no obvious polarity of the CRB2 distribution, suggesting that it is 282 
not dictated by a global clue. In chimeric embryos, wild-type epiblast cells adjacent to mutant 283 
cells lacked detectable CRB2 protein on the interface with the mutant cell (Fig. 4F and 284 
Supplementary Fig 4C), suggesting that stability of CRB2 depends on the formation of 285 
homophilic complexes with CRB2 on adjacent cells, as in Drosophila and zebrafish20,21,22. These 286 
data suggest that the complex CRB2 distribution in the apical epiblast is self-organizing: once a 287 
cell expresses high CRB2 on a cell edge adjacent to a CRB2-expressing cell, a positive 288 
feedback loop leads to accumulation of more CRB2 at that edge.  289 
 290 
Although Myosin IIB is present at all cell edges of the mouse epiblast, the level of Myosin IIB is 291 
inversely correlated with the amount of CRB2 on that edge. In the invaginating Drosophila 292 
salivary gland placode, homophilic interactions between Crumbs proteins on adjacent cell edges 293 
recruit aPKC20,28. aPKC can phosphorylate and inactivate Rho-kinase, and Rho-kinase can 294 
activate myosin assembly29. Thus we hypothesize that aPKC is sequestered to cell edges with 295 
high CRB2, promoting myosin assembly on cell edges with low CRB2. Myosin cables under 296 
tension will recruit more myosin in a Rho-kinase dependent process30; such a positive feedback 297 
loop could reinforce the anisotropy of the myosin distribution in the mouse epiblast (Fig. 6F).  298 
 299 
We suggest that the unequal distribution of CRB2 protein is an essential component of a local 300 
mechanism that determines which cells will ingress from the epithelium. As high levels of CRB2 301 
correlate with lower levels of Myosin IIB, the final stage of cell ingression during the EMT may 302 
occur by basal cell extrusion, where myosin contraction in cells neighboring a high CRB2-303 
expressing cell pushes the adjacent CRB2+ cell out of the epithelium. This process may 304 
resemble apical cell extrusion, which removes dying cells from epithelia31 and the basal cell 305 
extrusion that takes place during metastasis32. Generation of new transgenic reporters for live 306 
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imaging of the dynamics of Myosin IIB and CRB2 should help define the events and 307 
mechanisms of cell ingression during this EMT. 308 
 309 
Our findings fit with a recent model that ingression of cells at the primitive streak is a population 310 
event controlled by dynamic, self-reinforcing cell interactions4, and place the CRB2 protein 311 
complex at a central node in these interactions. In this view, CRB2 anisotropy helps determine 312 
which cells will ingress at the streak while promoting the mechanical process of ingression. In 313 
addition, forces generated at the streak in the absence of CRB2 affect the integrity of the 314 
contiguous epithelium of the epiblast, consistent with a role for Crumbs proteins in global tissue 315 
integrity during dynamic tissue rearrangements11,33. 316 
 317 
Heritable mutations in CRB2 have been identified in childhood-onset kidney disease 34,35, and 318 
abnormal epithelial-to-mesenchymal transitions are associated with renal fibrosis36,37. EMTs 319 
have been implicated in tumor progression, and both amplification and point mutations in CRB2 320 
have been identified in large-scale cancer genome sequencing projects38,39,40,41. Cell biological 321 
studies to test the functional significance of these CRB2 mutations should provide new 322 
perspectives on tissue dynamics in human disease and cancer progression. 323 
 324 
  325 
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Figure Legends 342 
 343 
Figure 1: Crumbs2 is required for mammalian gastrulation  344 
(A) In situ hybridization for Meox1 expression in wild type, Crumbs2 mutant, Crumbs2 Crumbs3 345 
and Crumbs1rd8 Crumbs2 double mutants at E8.5. The double mutants have the same reduction 346 
in paraxial mesoderm seen in Crumbs2 mutants, n ≥ 4 embryos for each genotype. (B) Wild 347 
type, Crumbs2 mutants and Crumbs triple mutants (Crumbs1rd8, Crumbs2-/-, Crumbs3-/-) at E7.5 348 
probed for expression of Brachyury, a marker of the primitive streak, n ≥ 3 embryos for each 349 
genotype. The extraembryonic portion of the triple mutant was removed for genotyping (C) 350 
Transverse sections through the epiblast of E7.75 wild type and Crumbs2-/- Crumbs3-/- double 351 
mutant embryos immunostained for ZO1 and pERM, aPKCλ and Par3 and γ-tubulin and 352 
ARL13b, n=3 double mutant embryos (3-4 sections per embryo). The double mutants do not 353 
have defects in apical-basal polarity of the epiblast. Single optical sections of transverse 354 
sections through the primitive streak at E7.5 (D, E) and E8.0 (F) of WT (D, E), Crumbs2 (D, E, 355 
F) and Poglut1wsnp (F) immunostained for Brachyury (T) and Laminin (D), SNAIL1 and SOX2 (E, 356 
F), n ≥ 5 mutant embryos per genotype. Posterior to the right; bars indicate width of primitive 357 
streak. At E7.5, a few cells expressing SOX2 accumulate at the streak (line in E). At this stage, 358 
the SNAIL1+ mesoderm layer is 2-3 cells thick in wild type, and 1-2 cells thick in the mutant. By 359 
E8.0, many SOX2+ cells, and scattered SNAIL1+ cells, have accumulated in the Crumbs2 and 360 
Poglut1wsnp primitive streak region (F). (A) Dorsal view, anterior up, (B) Lateral view, anterior to 361 
left, distal down. (C) Apical is up. Scale bars in A and B, 50μm; C-F, 21μm. The images shown 362 
here are representative and are of the mutant and wild type from the same experiment.  363 
 364 
Figure 2: Crumbs2 promotes cell ingression at the primitive streak 365 
(A-C) Scanning electron microscope views of the primitive streak in fractured wild-type (A, A’), 366 
Crumbs2 (B, B’) and Poglut1wsnp (C,C’) embryos at E7.75, n ≥ 6 embryos per genotype; 367 
posterior to the right. A’, B’ and C’ are higher magnification of the boxed regions in A, B and C 368 
respectively. Arrows point to long constricted apical segments of primitive streak cells in the 369 
mutants. (D-F) Single optical section from 3-D reconstruction of transverse sections through the 370 
primitive streak immunostained for E-cadherin (red) of wild type (D), Crumbs2 (E) and 371 
Poglut1wsnp (F) embryos expressing X-linked GFP in a mosaic manner, n ≥ 5 X-GFP positive 372 
embryos per genotype. Arrows show thin E-cadherin-positive cytoplasmic connections to the 373 
apical surface of cells, with the cell base (nuclei) far from the epiblast surface. (G-H) 3-D 374 
reconstructions of individual GFP-expressing single cells from the primitive streak of wild-type 375 
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(G) and Crumbs2 mutants (H) carrying the X-GFP transgene, showing the elongated 376 
cytoplasmic threads that connect ingressing mutant cells to the apical surface of the epiblast 377 
(apical to the left), n ≥ 5 X-GFP positive embryos per genotype. Scale bar (A-C’ and G-H),10 378 
μm; D-F, 25 μm. The images shown here represent the mutant and wild type from the same 379 
experiment.  380 
 381 
Figure 3: Live imaging defines defects in cell ingression in Crumbs2 mutants 382 
Individual cells delaminating at the primitive streak (highlighted yellow) in snapshots from time-383 
lapse imaging of wild-type (A) and Crumbs2 (B) mutant embryos with mosaically labeled cells 384 
using the mT/mG system. Apical is up in these transverse optical sections. In wild-type embryos 385 
(A), the cell constricts its apical membrane and detaches its apical connection to delaminate 386 
from the epithelium in less than 2 hours (arrows showing loss of apical connection/retraction 387 
tail). In Crumbs2 mutants (B), the cell constricts its apical membrane and sends out basal 388 
protrusions but fails to leave the epithelium. Time interval: 10 minutes. Apical side of the 389 
epithelium is up. (C) Quantitative analysis of cell shape at the streak in wild-type and Crumbs2 390 
mutant embryos. Membrane GFP-expressing cells were depicted manually for cell surface 391 
rendering and ellipticity was plotted for wild-type and Crumbs2 mutant streak cells to compare 392 
cell shape. Wild-type cells at the streak were predominantly oblate ellipsoids (flattened 393 
spheroids); long axes parallel to the epiblast surface (e = 0.34 ± 0.01 (mean ± SEM), n=102 394 
structures from 9 cells, 4 independent experiments), whereas mutant cells were prolate 395 
ellipsoids (cigar-shaped) with long axes perpendicular to the epiblast surface (e = 0.17 ± 0.01 396 
(mean ± SEM), n=169 structures from 13 cells, 3 independent experiments) (unpaired t-test: p < 397 
0.0001). (D) Ingression dynamics of streak cells. The apical surface area was determined from 398 
optical confocal sections of GFP-labeled cells from time-lapse images at the apical surface of 399 
streak cells. The apical surface of wild-type cells reduced over time, whereas the mutant cells 400 
stuck at the streak have a constant small apical surface area. Pink bar marks the onset of 401 
ingression in wild type. Scale bars A, B,10 μm. 402 
 403 
Figure 4: Streak-autonomous and non-cell autonomous activities of Crumbs2 404 
(A) Meox1 expression at E8.5 shows the reduction in paraxial mesoderm in embryos with 405 
conditional deletion of Crumbs2 in cells of the primitive streak using T-Cre, compared to WT, n 406 
= 3 embryos per genotype. (B) Single optical section of transverse sections through the 407 
primitive streak region of WT and T-CRE, Crumbs2flox/Crumbs2- embryos at E8.5 408 
immunostained for SNAIL1 and SOX2, n = 3 embryos per genotype (2-3 sections per embryo). 409 
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Conditional deletion of Crumbs2 with T-Cre leads to accumulation of SOX2+ cells at the 410 
primitive streak similar to Crumbs2 null mutants. (C) Schematic showing the generation of 411 
mouse chimeras with Crumbs2-/- mutant cells labeled with GPI-GFP. (D-E) Contribution of 412 
Crumbs2-/- cells to normal tissues in chimeras. Transverse cryosection (D) and single optical 413 
section of whole mount immunostaining (E) through chimeric embryos with moderate 414 
contribution of Crumbs2 mutant cells (green) stained with phalloidin (red) showing the 415 
contribution of mutant cells to neural epithelium and otic vesicle (D) and somites (E) (F) En face 416 
view of the streak epithelium of chimeric embryos at E8.5 immunostained for Crumbs2 (red) and 417 
phalloidin (white-F’’’). Mutant cells are GFP positive. Arrows point to the absence of CRB2 418 
expression in wild-type cells at the edges shared with mutant cells, whereas phalloidin 419 
expression was maintained at these edges. Asterisk highlights an exceptional cell at the streak 420 
that retains CRB2 despite being adjacent to Crumbs2 mutant cells. Scale bars A, 150 μm; B, D, 421 
E, 40 μm; F,10 μm. The images shown here are representative and show the mutant and wild 422 
type from the same experiment. (D-F) n=10 chimeric embryos were analyzed by cross section 423 
for contribution to different tissues and n=10 chimeric embryos were used for immunostaining 424 
and enface visualization of proteins (n=5 chimeric embryos for Crb2, Phalloidin and n=5 425 
chimeric embryos for Crb2, ß-catenin).  426 
 427 
Figure 5: CRB2 enrichment at the primitive streak 428 
(A, B) Double staining of CRB2 and phalloidin at early primitive streak stages, posterior to the 429 
right. (A, A’) At E6.75, CRB2 is enriched in the posterior epiblast, including the region of the 430 
primitive streak. Posterior epiblast from A is magnified in A’. (B, B’). At E7.75 CRB2 is 431 
expressed in both the anterior presumptive neural epithelium and the epiblast and is enriched in 432 
the posterior epiblast. (B’) Higher magnification of streak region. (C, C’) En face view of the 433 
apical surface of E8.5 posterior epiblast cells; proximal is up. Extended projection view of the 434 
same region of the primitive streak stained for ZO1(C) and CRB2 (D). ZO1 is expressed at 435 
uniform levels on all cell edges, whereas the level of expression of CRB2 is highly variable 436 
between cells and at different edges of the same cell. Neither Crumbs2 RNA nor CRB2 protein 437 
was detected in the wild-type endoderm or mesoderm (Fig. 5A, A’; Supplementary Fig. 1). (E, 438 
E’) 3D reconstruction from whole mount immunostaining for CRB2 in wild-type E8.0 embryos 439 
that express the X-linked GFP transgene, highlight the shape of individual cells. Apically 440 
constricted cells have high levels of apical CRB2. (F-G’) 3D reconstruction from whole mount 441 
immunostaining for SNAIL1 in wild type X-GFP embryos at E8.0. SNAIL1 is detectable in the 442 
basal nuclei of apically constricted cells in the epiblast layer of the wild-type streak. Black bar 443 
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indicates the position of the streak. Cells of the wild-type mesoderm layer (bottom) are strongly 444 
Snail1+ (red), whereas some apically constricted GFP+ cells of the epiblast layer (top) have 445 
detectable levels of Snail1 in their basally-positioned nuclei (rightward arrows). Note the thin 446 
GFP+ cytoplasmic connection to the apical surface of the Snail+ cell in (F) (leftward arrow). 447 
Scale bars A, B, 100 μm; C-G’, 10 μm. Each immunostaining experiment contained at least 5-6 448 
wild type embryos with and without X-GFP each. The images shown here are representative. 449 
This staining was repeated a minimum of three independent times to ensure reproducibility. 450 
 451 
Figure 6: CRB2 regulates the distribution of Myosin IIB  452 
(A) En face view of the apical surface of the epiblast layer of the primitive streak at E8.0, 453 
showing the reciprocal enrichment of CRB2 and Myosin IIB on different cell edges; proximal is 454 
up. (A) Single optical section of whole mount immunostaining for CRB2 (red) and Myosin IIB 455 
(green). (B) Magnification of boxed region in A, with single channels for CRB2 and Myosin. (C)  456 
Quantification of Myosin IIB and CRB2 en face localization at cell edges at the primitive streak 457 
(see Methods). Cell edges with high CRB have low levels of Myosin IIB (normalized intensity of 458 
Myosin IIB at high Myosin edges = 1.48 (n=349 cell edges) and normalized intensity of Myosin 459 
IIB at high CRB2 edges = 0.6 (n=436 cell edges); two tailed student t-test, p<0.00001, n=5 wild-460 
type embryos). Edges with high Myosin IIB have low levels of CRB2 (normalized intensity of 461 
CRB2 at high Myosin edges = 0.57 (n=349 cell edges) and normalized intensity of CRB2 at high 462 
CRB2 edges = 1.36 (n=436 cell edges); two tailed student t-test, p <0.00001. The box 463 
represents the 25th -75th percentile, whiskers indicate 1.5 times the range, dots are the outliers 464 
and bar in the middle is median. (D-E) Myosin IIB along the cell edges is reduced in Crumbs2 465 
mutants. (D) Extended projection view of the primitive streak of embryos whole mount stained 466 
for Myosin IIB and phalloidin at E8.0 showing lower levels on Myosin IIB on the cell edges in 467 
Crumbs2 compared to wild-type embryos. (E) Quantification of relative staining intensity shows 468 
that the total level of Myosin IIB on cell edges is ~2 fold higher in wild type than in Crb2 mutants 469 
(WT mean myosin intensity: 17.25 x103, n=570 edges, 4 wild-type embryos; mutant mean 470 
myosin intensity: 9.32 x103; n= 570 edges, 3 mutant embryos, two tailed student t-test, p 471 
<0.00001). The box represents the 25th -75th percentile, whiskers indicate 1.5 times the range, 472 
dots are the outliers and bar in the middle is median. Scale bars A and B, 10 μm; D, 20 μm. (F) 473 
Model for actions of CRB2. CRB2 controls E-cadherin down-regulation by promoting the SOX2-474 
to-SNAIL1 switch, and controls Myosin IIB accumulation through a second pathway, perhaps 475 
through aPKC and Rho kinase. The complex anisotropic patterns of CRB2 and Myosin IIB are 476 
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regulated in part by self-organizing regulatory mechanisms. The images shown represent the 477 
mutant and wild type from the same experiment.  478 
 479 
Figure 7: CRB2 is required for epiblast integrity at the primitive streak only when cells 480 
delaminate at the streak 481 
(A) Single optical sections of transverse section through the anterior epiblast/presumptive neural 482 
epithelium of wild-type and Crumbs2 mutants immunostained for SOX2 and Laminin show the 483 
increased thickness of the neural epithelium in the mutants at E8.0. (B) En face views of the 484 
surface of the anterior epiblast of wild type and Crumbs2 stained with ZO1 show the reduction in 485 
the apical surface area of the cells in the Crumbs2 mutants. (C) 3D reconstruction of cells in the 486 
neural epithelium of wild type and Crumbs2-/- embryos expressing X-linked GFP and stained for 487 
ZO1. The cells in the mutants have reduced apical surface area and an increased basolateral 488 
domain; ZO1 is expressed in the correct apical domain. (D) Quantification of apical cell surface 489 
area of cells in the wild-type and Crumbs2 mutant anterior epiblast/presumptive neural 490 
epithelium (mean ± SEM), WT = 23.64±0.60, n=559 cells, 4 embryos and Crumbs2-/- = 491 
10.50±0.34, n=471 cells, 5 embryos, p<0.0001. (E) Quantification of neural epithelial thickness 492 
(mean ± SEM), WT = 37.75±0.92, n=15 anterior epiblast and Crumbs2-/-=53.25±1.60, n=14 493 
anterior epiblast, p<0.0001. (F) Wnt3-/- and Crumbs2-/- Wnt3-/- double mutant embryos are 494 
morphologically identical. Wnt3-/- mutants do not form a primitive streak and develop as a bag of 495 
epithelial cells (n=8 double mutant embryos). (G) Transverse section through the embryos 496 
immunostained for Laminin (green) and SOX2 (red), n=5 double mutant embryos. (H) Higher 497 
magnification of the epithelium of Wnt3-/- and Wnt3-/- Crumbs2-/-embryos shows that the double 498 
mutants do not have breaks in laminin expression or SOX2 positive nuclei below the basement 499 
membrane. Scale bars A-C, G-H, 21 μm; F,150 μm. The images shown here are representative 500 
and show the mutant and wild type from the same experiment. 501 
  502 
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Methods 1 
Mouse strains  2 
The conditional allele of Crumbs2 [ref. 42] was crossed to CAG-Cre (Jackson Laboratory) to 3 
generate the null allele (Crumbs2-/-). Crumbs3-/- mice were re-derived from frozen embryos 4 
obtained from the Mutant Mouse Regional Resource Center. The conditional allele of Wnt3 5 
[ref. 43], Crumbs1rd8 [ref. 44], X-linked GFP [ref. 16], GFP-GPI [ref. 19], Brachyury-Cre [ref. 6 
18], and Sox2-Cre [ref. 17] have been described. The mT/mG [ref. 45] and EIIA-Cre [ref. 46] 7 
mice were obtained from Jackson Laboratory. Male and female mice of 8-16 weeks old were 8 
used to generate embryos aged 6.5 dpc to 9.0 dpc used in this study. Most experiments were 9 
carried out in the FVB background, with the exception that the mT/mG EIIA-Cre experiments 10 
were in a mixed background after 1-2 generations of backcrossing to FVB. Analysis of 11 
Crumbs2 mutants was in FVB background. All crosses with doubles mutants are in a mixed 12 
background. Animals were housed and bred under standard conditions in accordance with 13 
institutional IACUC guidelines. The MSKCC IACUC approved the experiments.  14 
 15 
Phenotypic analysis 16 
Whole mount in situ hybridization was performed as described47. Embryos were dissected in 17 
ice cold PBS-BSA and fixed in 4% PFA for one hour at room temperature for immunostaining 18 
or over-night at 4°C for in situ hybridization. The embryos were embedded in OCT (optimal 19 
cutting temperature) and cryosectioned at 10-12 μm thickness. Immunostaining on frozen 20 
sections was performed as described47. Briefly sections were washed 3 times for 10 mins 21 
each in PBS (until OCT was washed out), following which they were incubated in blocking 22 
buffer (1% Heat inactivated donkey or goat serum, 0.1% triton X-100 in1X PBS) for 1-2 23 
hours. Primary antibodies were diluted in blocking buffer and incubated overnight at 4°C. The 24 
secondary antibodies were also diluted in blocking buffer and incubated for 1 hour at room 25 
temperature. Rhodamine-conjugated phalloidin at 10 U/ml and DAPI were included in the 26 
secondary incubation. For en face imaging of the primitive streak, embryos were dissected 27 
out of the Reichert's membrane, cut on their lateral sides and flattened with forceps in ice 28 
cold PBS-BSA before fixing in 4% PFA. Following immunostaining, the embryos were flat 29 
mounted in Vectashield or ProLong gold with the apical side of the streak facing the 30 
coverslip. The position of the streak was determined morphologically as the midpoint of the 31 
epithelium along with left-right axis, running from the node till the allantois, with a large 32 
population of apically constricted cells. In all en face images, the center streak is positioned 33 
in the middle of the image, distal down. Immunostaining with Myosin IIB and phalloidin 34 
revealed a high concentration of puncta along the primitive streak region of the epithelium.   35 
 36 
Antibodies 37 
The following antibodies were used: anti-CRB2 was from Jane McGlade (Hospital for Sick 38 
Children, Toronto) and was used at 1:50 [ref. 48]. Anti-SNAI1 was a gift from Antonio García 39 
de Herreros (University of Pompeu Fabra, Barcelona) and was used at 1:100 [ref. 49]. Anti-40 
PatJ was a gift from André Le Bivic (Institut de Biologie du Développement de Marseille) and 41 
was used at 1:200 (ref. 50). Commercially available antibodies used were: anti-Sox2 (Santa 42 
Cruz 1:100, sc-17320), anti-E-cadherin (Sigma 1:200, U3254), anti-laminin (Sigma 1:200, L-43 
9393), anti-Myosin IIB heavy chain (Covance 1:400, PRB-445P; DSHB 1:50, CMII 23), anti-44 
ZO1 (Invitrogen (Zymed) 1:200, 33-9100), anti-Par3 (Millipore (Upstate) 1:200, 07-330), anti-45 
acetylated α-tubulin (Sigma 1:1000, T6793), anti-γ tubulin (Sigma 1:500, T6557), anti-pERM 46 
(Cell Signaling 1:100, 3141), anti-aPKC (BD Biosciences 1:100, 610208), anti-Brachyury 47 
(R&D 1:200, AF2085), anti-Arl13B (1:2000) (ref. 51), anti-pHH3 (Millipore (Upstate) 1:500, 48 
06-570) and anti-β-catenin (BD Biosciences 1:200, 610154). Confocal microscopy was 49 
performed using a Leica-Inverted SP5 or Leica-Upright SP5 laser, point-scanning confocal 50 
microscope. Confocal datasets were analyzed using the Volocity software package 51 
(Improvision). 52 
 53 
Scanning Electron Microscopy 54 
E7.75 embryos dissected in ice cold PBS and were fixed with 2% PFA and 2.5% 55 
glutaraldehyde in 0.1M sodium cacodylate buffer. Following fixation, embryos were dissected 56 
further to expose the primitive streak in 0.1 M cacodylate buffer and dehydrated in ethanol52. 57 
Scanning electron microscopy was performed using a field emission microscope (Supra 25; 58 
Carl Zeiss), and images were acquired with SmartSEM (Carl Zeiss). 59 
 60 
Chimeras 61 
Mice carrying both GPI-GFP transgene19 and a null allele of Crumbs2 were generated. 62 
Blastocysts generated from intercrosses between these mice were harvested. ES cells were 63 
generated from GFP-positive blastocysts using the 2i+LIF method53. GFP-labeled wild-type 64 
and Crumbs2 mutant ES cells were independently injected into wild-type blastocysts, which 65 
were implanted in pseudopregnant females. Embryos were harvested between E9.5 to E10.5 66 
(equivalent to E8.5 to E9.5 normal development, as chimeras are delayed). A total of 40 67 
chimeras were analyzed. Endogenous GFP was used for the identification of Crumbs2 68 
mutant cells in the chimera analysis.  69 
   70 
Anterior epiblast quantification 71 
Single cells were selected and their areas were determined using Volocity software. The 72 
width of the anterior epiblast (early neural epithelium) was also determined using Volocity. 73 
Average area of cells and width of the anterior epiblast was calculated using Prism and the 74 
student t-test was used for statistical analysis. The error bars indicate standard error. 75 
 76 
Myosin IIB-CRB2 quantification and statistical analysis 77 
Single optical sections from en face double immunostaining of the primitive streak from wild-78 
type embryos were selected and the respective CRB2 and Myosin IIB channels were 79 
separated. The intensity for each channel was individually thresholded. With a line-width 80 
selection of 10 units, cell edges with high CRB2 (high CRB2 = top 10% of intensities) were 81 
selected in ImageJ and labeled as High CRB2. The intensity for CRB2 was measured in the 82 
channel for the edges selected. The selected edges were replicated in the Myosin IIB 83 
channel and the corresponding intensity of Myosin IIB was measured. For the same images, 84 
cell edges with high Myosin IIB (high MYO = top 10% of intensities) were selected and 85 
labeled as High Myosin and the Myosin IIB intensity was measured in that channel. All 86 
intensities were normalized with their respective mean. This selection was duplicated in the 87 
CRB2 channel and the corresponding intensity measured. For Myosin IIB intensity 88 
measurements, cell edges were outlined using the ZO1 or phalloidin channel, and the 89 
corresponding values for Myosin intensity were measured using Fiji. The values for CRB2 90 
and Myosin IIB were compared with two-tailed student t-test and box plots were plotted using 91 
Stata. 92 
 93 
Mouse embryo culture for live imaging and image analysis 94 
Embryos were dissected with their yolk sac and ectoplacental cone intact in media 95 
maintained at 37°C (DMEM/F12 with 10% FBS). The embryos were positioned with the 96 
posterior side facing the objective into a hole created in a freshly prepared collagen matrix 97 
(BD Biosciences) on a glass bottom 35-mm Matek dish equilibrated with dissection media 98 
and rat serum. The embryos were cultured in rat serum and imaged for 4-6 hours with Z-99 
stacks taken every 8-10 minutes on a Leica SP5 or SP8 confocal microscope equipped with 100 
an incubation chamber maintained at 37°C and 5% CO2. The time-lapse movies were 101 
analyzed using Imaris and Metamorph software. 102 
 103 
Quantitative morphometric measurements of different volumetric parameters were performed 104 
using Imaris (Bitplane Inc.). Time-lapse Z-stack images of each embryo acquired by using 105 
identical acquisition parameters were loaded into Imaris. 3D renderings of the samples 106 
allowed identification of the regions of interest (ROI). Then stacks were 3D cropped based on 107 
ROI. The 3D data were thresholded to the boundaries of the membrane-GFP expressing 108 
cells to create a visual boundary for each cell. Using the surface creation tool in Imaris, 109 
surfaces were put on the GFP boundaries. Using defined fluorescence intensity and size 110 
criteria the surfaces/builds were filtered. Builds of the multiple GFP-labeled cells fused into 111 
one surface were eliminated. Surfaces were manually separated using the cutting tool if the 112 
contact site between cells was minimal (about 1-3 mm). Every surface was tracked over time 113 
to confirm identity and accuracy of surface building for every cell. Volumetric data and 114 
relevant statistics were exported for analysis, allowing for volume determination. Parameters 115 
obtained were ellipticity, sphericity and volume. For Imaris analysis of the surface shape: 116 
Ellipticity, e, was defined using the lengths of the semi-principal axes a, b and c.  117 
 118 
  119 
eprolate = prolate Ellipsoid  120 
a = b < c it is a prolate Spheroid (cigar-shaped)
 121 
  122 
 123 
  124 
eoblate = oblate Ellipsoid 125 
a < b = c it is an oblate Spheroid (disk-shaped)
  126 
The data were plotted by using Prism (GraphPad Software Inc.) for statistical analysis. 127 
Unpaired student's t-test was used to determine the statistical significance of the differences 128 
between cell shapes. 129 
 130 
For analysis of polygon distribution at the streak, cell edges were outlined using ImageJ. The 131 
number of cell edges with high CRB2 was manually counted for each cell outlined in ImageJ. 132 
The graphs were plotted using Prism.  133 
 134 
Statistics and Reproducibility  135 
For each experiment 3-15 embryo samples were analyzed. Immunostaining experiments 136 
were repeated a minimum of three independent times to ensure reproducibility. All samples if 137 
preserved and properly processed were included in the analysis. No samples or animals 138 
were excluded. No statistical method was used to predetermine sample size. The 139 
experiments were not randomized. The Investigators were not blinded to allocation during 140 
experiments and outcome assessment.  141 
 142 
Data availability  143 
All data supporting the findings of this study are available from the corresponding author 144 
upon reasonable request. 145 
